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To  realize  the  large-scale  commercial  application  of  direct  methanol  fuel  cells  (DMFCs),  the  catalysts  for 
oxygen  reduction  reaction  (ORR)  are  the  crucial  obstacle.  Here,  an  efficient  non-noble-metal  catalyst  for 
ORR,  denoted  FePPc/PSS-Gr,  has  been  obtained  by  anchoring  p-phenyl-bis(3,4-dicyanophenyl)  ether 
iron(ll)  polyphthalocyanine  (FePPc)  on  poly(sodium-p-styrenesulfonate)  (PSS)  modified  graphene  (PSS- 
Gr)  through  a  solvothermally  assisted  tt-tt  assembling  approach.  The  Ultraviolet-visible  (UV-vis) 
spectroscopy,  Fourier  transform  infrared  spectroscopy  (FTIR)  and  X-ray  photoelectron  spectroscopy  (XPS) 
results  reveal  the  tt-tt  interaction  between  FePPc  and  PSS-Gr.  The  rotating  disk  electrode  (RDE)  and 
rotating  ring  disk  electrode  (RRDE)  measurements  show  that  the  proposed  catalyst  possesses  an 
excellent  catalytic  performance  towards  ORR  comparable  with  the  commercial  Pt/C  catalyst  in  alkaline 
medium,  such  as  high  onset  potential  (-0.08  V  vs.  SCE),  half-wave  potential  (-0.19  V  vs.  SCE),  better 
tolerance  to  methanol  crossover,  excellent  stability  (81.1%,  retention  after  10,000  s)  and  an  efficient  four- 
electron  pathway.  The  enhanced  electrocatalytic  performance  could  be  chiefly  attributed  to  its  large 
electrochemically  accessible  surface  area,  fast  electron  transfer  rate  of  PSS-Gr,  in  particular,  the  syner¬ 
gistic  effect  between  the  FePPc  moieties  and  the  PSS-Gr  sheets. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs),  using  methanol  solution  or 
methanol  steam  as  fuel,  have  many  merits,  including  low  operating 
temperature,  reduced  emission  of  pollutants,  regeneration  of  the 
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products  and  attracted  increasing  attention  over  the  past  decades. 
However,  Pt-based  materials,  the  best  and  most  frequently  used 
catalysts  for  oxygen  reduction  reaction  (ORR)  until  now,  have  kept 
DMFCs  from  commercialization  due  to  scarce  reserve,  low  toler¬ 
ance  to  methanol  oxidation  and  the  slow  kinetics  of  the  ORR  [4-6]. 
Therefore,  seeking  for  substitutes  which  are  inexpensive,  insensi¬ 
tive  to  methanol  and  long-term  durable,  is  imminent.  So  far,  various 
non-noble-metal  catalysts  have  attracted  immense  interest,  such  as 
transition  metal  oxide  [7-9],  transition  metal  chalcogenides 
[10-13],  metal-N4  macrocycles  (phthalocyanine  and  porphyrin) 
[14-17  ,  carbon  materials  supported  transition  metal-N4  chelate 
macrocycles  compounds  [18-22  ,  conductive  polymer-derived 
materials  (polyaniline  and  polypyrrole)  [23,24  ,  heteropolyacids- 
based  complexes  [25]  and  heteroatom  doped  carbon  materials 
[26-29]. 

In  1964,  Jasinski  reported  for  the  first  time  that  transition  metal 
phthalocyanines  (MPcs)  showed  electrocatalytic  activity  towards 
ORR  14].  Ever  since,  MPcs  (such  as  iron-  and  cobalt-  phthalocya¬ 
nines)  have  been  actively  researched  as  candidates  for  ORR. 
Whereas,  the  performance  of  MPcs  has  failed  to  compare  with  Pt- 
based  catalysts,  moreover,  MPcs  are  far  from  satisfying  the  re¬ 
quirements  of  DMFCs.  The  following  shortcomings  should  be 
responsible  for  the  inferior  ORR  capability  of  MPcs  [22  .  On  the  one 
hand,  the  MPc  molecules  are  liable  to  aggregation  so  that  the  cat¬ 
alytic  activity  and  stability  reduces  greatly.  On  the  other  hand,  the 
poor  electron  conductivity  of  MPcs  remains  the  bottleneck  of 
facilitating  electron  transfer  in  the  ORR  process.  To  improve  the 
ORR  performance,  a  series  of  carbon  nanomaterials  (CNMs,  such  as 
Vulcan  XC-72,  carbon  black,  carbon  nanotubes  and  graphene) 
supported  MPc  catalysts  have  been  designed  [18-22  .  Among  those 
carbon  nanomaterials,  graphene  as  a  single  layer,  two-dimensional 
honeycombed  lattice  structure  with  sp2  hybridized  carbon  atoms 
close-packed,  has  drawn  tremendous  attention  and  research  in¬ 
terest  since  its  first  discovery  in  2004,  owing  to  its  large  specific 
surface  area,  good  chemical  and  environmental  stability  and 
excellent  electronic,  thermodynamic  and  mechanical  properties 
[30-33].  It  is  a  promising  matrix  material  for  catalysts  of  the  ORR. 
The  excellent  and  elevated  catalytic  activity  of  the  aforementioned 
composites  might  be  mainly  attributed  to  the  following  crucial 
aspects  [20,22,34,35  .  In  the  first  place,  CNMs  can  tightly  anchor  the 
MPc  moieties  through  strong  tu-tu  interaction,  improving  the  sta¬ 
bility  of  the  fabricated  composite  significantly.  Secondly,  CNMs  as 
supports  can  improve  the  electroconductibility  of  the  fabricated 
hybrids  to  ensure  the  fast  electron  transport  capability.  Thirdly,  the 
high  specific  surface  area  of  the  hybrids  allows  the  closed  interac¬ 
tion  of  oxygen  with  amply  exposed  MNX  active  sites  during  the  ORR 
process  and  provides  vast  scale  electrode-electrolyte  interfaces. 
Last  but  not  least,  the  synergistic  effect  between  MPcs  and  CNMs 
conduces  to  enhance  the  ORR  activity  markedly. 

Similar  to  phthalocyanines,  the  polymeric  forms  of  phthalocy¬ 
anines,  so  called  polyphthalocyanines  (PPcs),  with  highly  conju¬ 
gated  7r-electron  system,  macrocyclic  hollow  channel,  prominent 
conductivity  and  electromagnetic  properties  and  considerable 
specific  surface  area,  have  been  known  for  a  long  time  [36-42]. 
They  can  be  employed  as  building  blocks  for  a  wide  range  of  ap¬ 
plications,  such  as  gas  sensors  [39  ,  molecular  spintronic  devices 
[39],  and  catalysts  [40,41  .  Considering  the  conjugated  structure  of 
MPPc  with  rapid  electron  transmission  capacity  and  the  macrocy¬ 
clic  hollow  channel  of  MPPc  with  a  large  number  of  exposed  active 
sites,  it  can  be  used  as  an  electrocatalyst  for  ORR. 

It  is  generally  accepted  that,  as  a  conjugated  system  abounded 
with  tu  electron,  MPPc  can  be  easily  supported  on  the  above 
mentioned  CNMs  via  non-covalent  tu-tu  interaction  facilitating  the 
electron  transfer  process  and  stabilizing  the  systems.  Herein,  we 
fabricated  a  novel  FePPc  (molecular  structure  shown  in  Scheme  1) 


Scheme  1.  Molecular  structure  of  FePPc. 


anchored  on  poly(sodium-p-styrenesulfonate)  modified  graphene 
(PSS-Gr)  to  be  used  as  a  highly  efficient,  methanol-tolerant,  long¬ 
time  stable  catalyst  for  ORR  by  solvothermally  assisted  tt-tu 
assembling  method.  The  FePPc/PSS-Gr  composite  was  character¬ 
ized  by  UV-vis,  FTIR,  XPS,  SEM  and  TEM.  The  ORR  activity,  dura¬ 
bility  and  stability  of  the  FePPc/PSS-Gr  catalyst  were  discussed  in 
detail.  The  FePPc/PSS-Gr  catalyst  shows  high  catalytic  activity  in 
some  respects  of  onset  potential,  half-wave  potential  and  current 
density  compared  with  Pt/C.  But  it  exhibits  superior  durability, 
longevity  and  methanol-tolerance  over  the  Pt/C  catalyst.  In  addi¬ 
tion,  the  cathode  oxygen  reduction  reaction  on  the  FePPc/PSS-Gr 
electrocatalyst  in  alkaline  medium  is  unambiguous  a  direct  four- 
electron  reduction  of  oxygen  to  water  which  improves  the  energy 
efficiency. 

2.  Experimental 

2.2.  Materials 

Graphite  powder  and  1,8-diazabicyclo  [5.4.0]  undec-7-ene 
(DBU)  were  purchased  from  Sinopharm  Chemical  Reagent  Co., 
Ltd.  Poly(sodium-p-styrenesulfonate)  (PSS)  was  obtained  from 
Sigma-Aldrich.  4-Nitrophthalonitrile  was  bought  from  Sinopharm 
Chemical  Reagent  Co.,  Ltd.  Pt/C  (20  wt  %,  Pt  on  Vulcan  XC-72)  was 
purchased  from  Alfa  Aesar.  All  other  reagents  were  analytical  grade, 
and  used  without  further  purification,  including  hydroquinone,  n- 
pentanol,  hydrazine  hydrate  solution,  ethanol,  NaNC>3,  KMnCH, 
H2O2  and  KOH.  Ultra  pure  water  was  obtained  from  a  Milli-Q.  water 
system  (18.2  MQ  cm). 

2.2.  Sample  preparation 

22  A.  Preparation  of  poly(sodium-p-styrenesulfonate)  modified 
graphene  (PSS-Gr) 

The  graphite  oxide  (GO)  was  gained  from  the  natural  graphite  by 
a  modified  Hummers'  method  [43,44].  Poly(sodium-p-styrene 
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sulfonate)  modified  graphene  (PSS-Gr)  was  synthesized  according 
to  the  method  described  in  our  previous  work  [20,21  . 

2.2.2.  Preparation  of  p-phenyl-bis(  3,4-dicyanophenyl)  ether 

4-nitrophthalonitrile  (6.938  g,  0.04  mol),  hydroquinone 

(3.738  g,  0.02  mol),  anhydrous  potassium  carbonate  (5.538  g, 
0.04  mol),  and  N,  N-dimethylformamide  (DMF)  (20  mL)  were 
charged  into  a  50  mL  three-necked  round-bottom  flask.  The 
mixture  was  heated  and  stirred  at  55  °C  for  6  h  under  N2  atmo¬ 
sphere.  Followed  by  slowly  cooling  to  room  temperature,  the 
mixture  was  poured  into  distilled  water  to  precipitate  yellow 
powder.  The  crude  product  was  washed  with  distilled  water  until 
neutral  and  then  washed  with  ethanol  until  the  filtrate  was 
colorless.  Finally,  the  solid  was  recrystallized  in  ethanol.  The 
resulting  white  powder  was  dried  in  a  vacuum  oven  at  35  °C  for 
24  h. 

2.2.3.  Preparation  of  p-phenyl-bis(3,4-dicyanophenyl)  ether  iron(W) 
polyphthalocyanine  (FePPc) 

FePPc  was  synthesized  by  a  solvothermal  method.  A  mixture  of 
p-phenyl-bis(3,4-dicyanophenyl)  ether  (2  mmol,  0.7247  g), 
FeCl2-4H20  (1  mmol,  0.1988  g),  1,8-diazabicyclo  [5.4.0]  undec-7- 
ene  (DBU)  (0.5  mL)  and  n-pentanol  (15  mL)  were  added  into  a 
50  mL  Teflon-lined  autoclave.  Then  N2  was  passed  into  the  Teflon- 
lined  autoclave  to  exhaust  air.  At  last,  the  Teflon-lined  autoclave 
was  sealed  and  maintained  at  160  °C  for  6  h.  After  cooling  to  room 
temperature,  the  mixture  was  washed  with  distilled  water,  ethanol 
and  acetone  in  turn  for  several  times.  Following,  the  crude  product 
was  heated  at  90  °C  for  1  h  in  1  M  of  HC1.  Finally,  the  product  was 
distilled  water-washed  until  neutral  and  DMF-washed  until  the 
filtrate  was  colorless.  The  resulting  green  solid  was  dried  in  a  vac¬ 
uum  oven  at  35  °C  for  24  h. 

2.2.4.  Preparation  of  FePPc/PSS-Gr 

The  FePPc/PSS-Gr  composites  with  different  mass  ratios  of  FePPc 
to  PSS-Gr  were  fabricated  by  a  solvothermally  assisted  tu-tu 
assembling  method.  Simply,  2  mL  of  PSS-Gr  (1  mg  mL-1  dispersion 
solution  in  DMF),  varying  amounts  of  FePPc  (2  mg,  6  mg,  10  mg, 
mass  ratio  to  graphene  is  1:1,  3:1  and  5:1,  respectively)  were 
dispersed  in  15  mL  of  DMF  under  ultrasonic  vibration  for  1  h.  Then, 
the  dispersion  solution  was  sealed  in  a  50  mL  Teflon-lined  autoclave 
and  placed  into  a  convection  oven  set  at  160  °C  for  12  h.  Then,  the 
vessel  was  allowed  to  return  to  room  temperature.  Finally,  the 
mixture  was  centrifuged  and  washed  with  DMF,  distilled  water  and 
ethanol  in  proper  order  for  several  times. 

2.3.  Characterization 

Scanning  electron  microscopy  (SEM)  images  were  recorded  by 
JEOL  JSM-6701F  electron  microscope  operating  at  5  kV  and  trans¬ 
mission  electron  microscope  (TEM)  images  were  obtained  using 
JEOLJEM-1200EX  at  100  kV.  The  UV-vis  spectrum  were  performed 
on  mini  UV-1240  spectrophotometer  and  Fourier  transform 
infrared  spectroscopy  (FTIR)  were  collected  using  an  FTIR-8400S 
spectrometer.  Analysis  of  X-ray  photoelectron  spectroscopy  (XPS) 
measurements  were  carried  out  on  an  ESCLAB  250  spectrometer 
using  Al  Ka  as  the  exciting  source. 

2.4.  Electrochemical  measurements 

Prior  to  modification,  the  surface  of  glassy  carbon  (GC)  elec¬ 
trode  was  polished  with  1.0,  0.3  and  0.05  pm  0C-AI2O3  powder 
slurry  successively  and  ultrasonically  rinsed  with  absolute  ethanol 
and  distilled  water  for  a  little  while,  respectively.  In  order  to 
modify  the  GC  electrode,  a  homogeneous  ink  was  prepared  by 


mixing  1.0  mg  of  catalyst  and  1.0  mL  of  ethanol  with  the  aid  of 
ultrasonic  vibration.  A  certain  amount  of  the  catalyst  ink  was 
dropped  onto  a  freshly  polished  electrode  surface  to  prepare  a 
catalyst  film.  The  catalyst  loading  per  area  on  the  GC  electrode  was 
kept  to  be  283  pg  cm-2. 

Cyclic  voltammetry  (CV)  was  operated  on  a  CHI  660D  elec¬ 
trochemical  workstation  (Shanghai  CHENHUA  company)  in  a 
typical  three-electrode  electrochemical  system  consisted  of  a 
modified  GC  electrode  (d  =  3  mm),  a  platinum  wire  counter 
electrode  and  a  saturated  calomel  reference  electrode  (SCE)  at 
the  scan  rate  of  100  mV  s-1  in  a  N2-  or  02-saturated  0.1  M  KOH 
solution.  The  rotating  disk  electrode  (RDE,  d  =  5  mm),  current¬ 
time  chronoamperometric  response  (z-t)  and  rotating  ring  disk 
electrode  (RRDE,  ddisk  =  5.61  mm)  measurements  were  carried 
out  with  a  Pine  Instrument  Company  AF-MSRCE  modulator  rate 
rotator  on  a  CHI  660E  electrochemical  workstation  (Shanghai 
CHENHUA  company)  using  a  standard  three-electrode  system  at 
the  scan  rate  of  10  mV  s_1  in  an  02-saturated  0.1  M  KOH  solution. 
The  Pt  ring  potential  was  set  at  0.65  V  vs.  SCE  to  monitor  the  HO2 
production  in  an  RRDE  configuration  with  the  ring  collection 
efficiency  of  37%. 

3.  Results  and  discussion 

3.2.  Characterizations  of  FePPc/PSS-Gr  composite 

The  morphology  was  investigated  by  means  of  scan  electron 
microscopy  (SEM)  and  transmission  electron  microscopy  (TEM).  In 
Fig.  1(a)  and  Fig.  1(b),  we  can  see  that  PSS-Gr  is  a  crumpled  nano¬ 
sheets  structure.  The  PSS-Gr  nanosheets  get  thick  and  the  FePPc 
nano/micro  clusters  can  be  seen  distinctly  when  PSS-Gr  com¬ 
pounds  with  FePPc,  signifying  that  the  FePPc  moieties  have  been 
successfully  anchored  on  PSS-Gr,  as  seen  from  Fig.  l(c-h).  Fig.  l(i) 
shows  a  typical  TEM  image  of  a  single  PSS-Gr  sheet  with  some 
wrinkles  on  it.  Fig.  l(j)  displays  the  TEM  micrograph  of  the  com¬ 
posite  film,  the  PSS-Gr  nanosheets  get  crude  and  the  aggregated 
FePPc  clusters  can  be  observed,  which  agrees  well  with  the  SEM 
results  discussed  above. 

In  an  effort  to  better  explore  the  tu-tu  interaction  between  FePPc 
and  PSS-Gr,  UV-vis,  FTIR  and  XPS  spectra  were  utilized.  Fig.  2(a) 
elucidates  the  UV-vis  spectra  of  PSS-Gr  (black  line),  FePPc  (red 
line)  and  FePPc/PSS-Gr  (blue  line)  in  DMF,  respectively.  It  can  be 
seen  that  PSS-Gr  shows  no  absorbance  peak  between  500  and 
900  nm.  FePPc  exhibits  a  strong  and  sharp  absorbance  at  669  nm  of 
Q.  band  attributed  to  tu-tu*  transition  from  the  highest  occupied 
molecular  orbital  (HOMO)  to  the  lowest  unoccupied  molecular 
orbital  (LUMO)  of  the  phthalocyanine  ring  [42  .  It  also  displays  an 
additional  weak  vibrational  satellite  band  at  606  nm  as  a  result  of 
exciton  coupling  between  the  phthalocyanine  units  [42].  However, 
the  UV-vis  spectrum  of  the  FePPc/PSS-Gr  composite  only  shows 
one  Q.  band  at  742  nm  with  a  red-shift  of  73  nm.  The  apparent 
bathochromic  shift  reflects  the  strong  tu-tt  interaction  between 
FePPc  and  PSS-Gr. 

The  tu-tu  interaction  between  FePPc  and  PSS-Gr  was  also 
investigated  using  FTIR  measurements,  which  were  performed  on 
FePPc  and  FePPc/PSS-Gr.  As  shown  in  Fig.  2(b),  the  representative 
peaks  at  1189  and  1223  cm-1  in  the  FTIR  spectra  of  FePPc  and 
FePPc/PSS-Gr  can  be  assigned  to  Ar-O-Ar.  The  peaks  of  the  FePPc/ 
PSS-Gr  composite  at  1089,  1116,  1262,  1394,  1471,  1495  and 
1613  cm-1  present  absorption  bands  related  to  FePPc.  The  slight 
shifts  of  these  peaks  compared  with  pure  FePPc,  suggests  the  for¬ 
mation  of  a  tu-tu  bond  between  FePPc  and  PSS-Gr  [21  . 

Fig.  2(c)  presents  the  XPS  survey  spectra  of  GO,  PSS-Gr,  FePPc 
and  FePPc/PSS-Gr,  respectively.  The  Ols  peak  related  to  PSS-Gr 
declines  visibly  compared  with  GO,  revealing  that  part  of 
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Fig.  1.  SEM  images  of  (a)  and  (b)  PSS-Gr;  (c)  and  (d)  FePPc/PSS-G 
magnification;  TEM  images  of  (i)  PSS-Gr  and  (j)  FePPc/PSS-Gr  (3:1). 
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g)  and  (h)  FePPc/PSS-Gr  (5:1);  (b),  (d),  (f)  and  (h)  are  under  higher 
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Fig.  2.  (a)  UV-vis  absorption  spectra  of  PSS-Gr,  FePPc  and  FePPc/PSS-Gr  (3:1);  (b)  FTIR  spectra  of  FePPc  and  FePPc/PSS-Gr  (3:1);  (c)  XPS  spectra  of  FePPc/PSS-Gr  (3:1),  FePPc,  PSS-Gr 
and  GO;  (d)  High  resolution  Nls  of  XPS  spectra  of  FePPc  and  FePPc/PSS-Gr  (3:1);  (e)  High  resolution  Fe  2p  XPS  spectrum  of  FePPc;  (f)  High  resolution  Fe  2p  XPS  spectrum  of  FePPc/ 
PSS-Gr. 


carbon-oxygen  functionalities  on  the  surface  of  GO  have  been 
reduced.  And  from  the  XPS  data  of  FePPc/PSS-Gr,  the  peaks  of  C,  N, 
O,  Fe  can  be  observed  obviously,  confirming  that  the  FePPc  mole¬ 
cules  have  been  successfully  assembled  on  the  PSS-Gr  surface.  As 
shown  in  Fig.  2(d),  the  deconvoluted  XPS  Nls  spectrum  of  FePPc 
can  be  separated  into  two  components  centered  at  the  binding 
energies  of  398.75  eV  (pyridinic  type  nitrogen)  and  399.83  eV 
(pyrrolic  type  nitrogen).  In  contrast  to  FePPc,  the  Nls  peaks  of 
FePPc/PSS-Gr  shift  to  higher  binding  energy  by  0.58  and  0.91  eV  for 
pyridine-like  nitrogen  and  pyrrole-like  nitrogen,  respectively.  Such 
higher  binding  energy  shift  manifests  the  charge  transfer  from 
FePPc  to  PSS-Gr  [20  .  As  depicted  in  Fig.  2(e)  and  (f),  the  Fe  2p3/2 
peak  is  centered  at  710.6  eV,  and  the  Fe  2pi/2  peak  is  located  at 
720.9  eV  in  FePPc  (Fig.  2(e)).  Compared  with  the  FePPc  molecule, 
the  Fe  2p3/2  and  Fe  2pi/2  values  of  the  FePPc/PSS-Gr  shifted  to  711.3 
and  722.2  eV,  respectively  (Fig.  2(f)),  suggesting  the  interaction 


between  graphene  and  FePPc  leads  to  a  decrease  in  the  electron 
density  on  the  Fe  atom  [22  . 

3.2.  Catalysis  of  the  FePPc/PSS-Gr  composite  for  ORR 

To  gain  insight  into  the  relationship  between  the  catalytic  ac¬ 
tivity  and  the  mass  ratio  of  FePPc  to  PSS-Gr  for  ORR,  we  carried  out 
the  cyclic  voltammetry  (CV)  measurements  of  the  FePPc/PSS-Gr 
composites  with  different  mass  ratios  of  FePPc  to  PSS-Gr.  The  CV 
measurements  of  FePPc/PSS-Gr  modified  electrodes  were  per¬ 
formed  in  0.1  M  KOH  solution  both  saturated  with  N2  and  O2.  As 
shown  in  Fig.  3(a),  the  FePPc/PSS-Gr  hybrid  gains  the  maximum 
peak  current  and  more  positive  peak  potential  when  the  mass  ratio 
of  FePPc  to  PSS-Gr  reaches  3:1.  Therefore,  the  following  measure¬ 
ments  were  under  the  condition  of  the  best  mass  ratio.  In  Fig.  3(b), 
no  distinguished  current  response  can  be  seen  when  the  solution  is 
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Potential  (V  vs.  SCE) 


Fig.  3.  CV  curves  of  (a)  FePPc/PSS-Gr  with  different  mass  ratios  at  the  scan  rate  of 
100  mV  s_1  in  02-saturated  0.1  M  KOH;  (b)  FePPc/PSS-Gr  (3:1)  at  the  scan  rate  of 
100  mV  s"1  in  02-  or  N2-saturated  0.1  M  KOH;  (c)  FePPc/PSS-Gr  (3:1),  FePPc,  PSS-Gr 
and  Pt/C  at  the  scan  rate  of  100  mV  s  1  in  02-saturated  0.1  M  KOH. 


saturated  with  N2.  However,  a  well-defined  ORR  peak  centered 
at  -0.18  V  vs.  SCE  was  observed  in  02-saturated  0.1  M  KOH,  which 
reveals  its  electrocatalytic  activity  towards  ORR.  Then  the  same 
mass  loading  of  different  materials  (FePPc,  PSS-Gr  and  commercial 


20  wt  %  Pt  on  Vulcan  XC-72)  were  loaded  on  GC  electrodes.  As  we 
can  see  in  Fig.  3(c),  the  FePPc/PSS-Gr  catalyst  possesses  a  distinct 
cathodic  ORR  peak  at  -0.18  V  vs.  SCE,  which  is  the  same  as  that  of 
Pt/C  and  260  or  130  mV  more  positive  than  that  of  FePPc  (-0.31  V 
vs.  SCE)  or  PSS-Gr  (-0.44  V  vs.  SCE).  Moreover,  the  peak  current 
density  of  the  FePPc/PSS-Gr  composite  is  much  higher  than  that  of 
FePPc  or  PSS-Gr  and  similar  to  that  of  Pt/C. 

The  electrochemically  effective  surface  area  of  the  electrode  was 
estimated  by  cyclic  voltammetry  using  5  mM  Fe(CN)6-^4-  in  1  M 
KC1.  The  electroactive  surface  area  can  be  estimated  according  to 
the  Randles-Sevcik  equation  [16]: 

ip  =  2.99  x  1( PnACD'/2v'/2  (1) 

Where  ip  is  the  peak  current,  D  and  C  are  the  diffusion  coefficient 
and  bulk  concentration  of  the  redox  probe  (5  mM  I<3[Fe(CN)6]), 
respectively,  n  is  the  number  of  electrons  transferred  (n  =  1),  v  is 
the  scan  rate.  Fig.  4(b)  and  Fig.  4(d)  demonstrate  the  linear  rela¬ 
tionship  between  the  peak  current  (ip)  and  the  square  root  of  scan 
rate  (v1/2),  implying  that  the  process  is  diffusion  controlled. 
Moreover,  as  computed  from  Eq.  (1),  the  electroactive  surface  area 
of  FePPc/PSS-Gr  modified  electrode  (0.1095  cm2)  is  nearly  2.35 
times  as  large  as  that  of  the  polished  bare  GC  electrode 
(0.0466  cm2),  which  enhances  the  charge  transfer  kinetics  16]. 

In  order  to  further  investigate  the  impressive  catalytic  activity 
and  the  kinetics  of  the  ORR  in  respect  to  FePPc/PSS-Gr,  linear  sweep 
voltammetry  measurements  on  a  rotating  disk  electrode  were 
carried  out  at  diverse  rotation  rates  in  02-saturated  0.1  M  KOH  with 
the  scan  rate  of  10  mV  s-1.  FePPc,  PSS-Gr  and  Pt/C  were  also  con¬ 
ducted  under  the  same  conditions  for  comparison.  A  series  of  po¬ 
larization  curves  for  ORR  on  FePPc/PSS-Gr  recorded  from  100  to 
2500  rpm  are  displayed  in  Fig.  5(a).  With  increase  of  the  rotation 
rates  from  100  to  2500  rpm,  the  current  density  is  enhanced 
notably  due  to  the  shortened  diffusion  layer  [45].  Fig.  5(g)  shows 
the  RDE  tests  obtained  on  FePPc/PSS-Gr,  FePPc,  PSS-Gr  and  Pt/C, 
with  the  rotation  rate  of  1600  rpm  in  0.1  M  KOH  solution  saturated 
with  O2,  and  the  parameters  for  ORR  are  summarized  in  Table  1.  The 
ORR  potential  of  FePPc  and  PSS-Gr  commences  at  about  -0.27  V 
and  -0.18  V  vs.  SCE,  whereas  the  onset  potential  of  FePPc/PSS-Gr  is 
positively  shifted  to  -0.08  V  vs.  SCE,  which  is  close  to  that  of  Pt/C 
(about  -0.05  V  vs.  SCE).  As  revealed  by  its  slightly  more  negative 
onset  potential  and  lower  current  density  at  the  low  negative  po¬ 
tential  region,  our  catalyst  is  inferior  to  the  Pt/C  catalyst  towards 
ORR,  but  it  possesses  a  higher  current  density  at  the  highly  negative 
potential  region,  suggesting  the  more  kinetically  facile  of  FePPc/ 
PSS-Gr  for  ORR  [46  .  Furthermore,  the  half  wave  potential  of 
FePPc/PSS-Gr  is  slightly  lower  than  that  of  Pt/C  and  170  mV  or 
420  mV  more  positive  than  that  of  PSS-Gr  or  FePPc.  So  far,  the  active 
sites  of  CNMs-supported  MPc  are  still  under  debate,  but  great 
quantities  of  researches  have  been  proposed  that  MNX  plays  an 
important  role  in  the  ORR  process  [19,34].  The  prominently 
elevated  ORR  activity  of  the  FePPc/PSS-Gr  composite  should  be 
attributed  to  numerous  exposed  active  sites  of  MNX  in  FePPc.  In 
addition,  the  large  electrochemically  effective  surface  area  and  the 
synergistic  effect  between  FePPc  and  PSS-Gr  could  also  promote  the 
catalytic  capability  towards  ORR. 

It  is  of  common  knowledge  that  the  electrochemical  reduction 
reaction  of  oxygen  in  the  cathode  is  a  multielectron  reaction  and 
can  occur  via  two  major  probable  pathways:  one  involving  the 
transfer  of  two  electrons  to  produce  H2O2  and  HO2  ,  and  the  other,  a 
direct  four-electron  pathway  to  produce  H2O  and  OH-  in  acidic  and 
alkaline  medium,  respectively.  To  obtain  maximum  energy  capacity 
and  faster  oxygen  reduction  rate,  it  is  highly  desirable  to  reduce  02 
via  the  4e_  pathway.  The  number  of  electrons  transferred  per 
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Fig.  4.  CV  curves  of  (a)  FePPc/PSS-Gr  (3:1 )  and  (c)  bare  GC  electrode  in  5  mM  Fe(CN)l  14  /I  M  KC1  at  various  scan  rates  from  20  to  300  mV  s  1 ;  plots  of  ip  vs.  v1/2  for  (b)  FePPc/PSS-Gr 
(3:1)  and  (d)  the  polished  bare  GC  electrode. 


oxygen  molecule  at  FePPc/PSS-Gr  is  further  determined  by  the 
Koutechy-Levivh  (K-L)  equation  given  as  follows  [20]: 


1 IJ  =  VJk  +  VJl  =  i/a  + 1  / B 

(2) 

B  =  0.62nFCoD3/2v3/6 

(3) 

Jk  =  nFKC0 

(4) 

where  J  represents  the  measured  current  density,  JK  and  J i  denote 
the  kinetic  and  diffusion-limiting  current  densities,  w  is  the  angular 
velocity  of  the  disk  (co  =  2tt N,  N  is  the  linear  rotation  rate),  n  is  the 
overall  number  of  electrons  transferred  in  ORR,  F  is  the  Faraday 
constant  (F  =  96485  C  mol'1),  Co  is  the  bulk  concentration  of  O2 
(1.2  x  10'6  mol  cm'3),  Do  is  the  diffusion  coefficient  of  O2  in  0.1  M 
KOFI  (1.9  x  10'5  cm2  s'1),  v  is  the  kinematic  viscosity  of  the  elec¬ 
trolyte  (0.01  cm2  s'1),  and  I<  is  the  electron  transfer  rate  constant. 

Fig.  5b  shows  the  corresponding  K-L  plots  U”1  vs.  w  -1/2)  of 
FePPc/PSS-Gr  at  various  potentials,  which  exhibit  good  linearity. 
This  is  an  indication  that  the  reaction  is  first  order,  and  controlled 
by  kinetics  at  the  electrode  surface  as  well  as  mass  transport  of 
oxygen  molecule  [47].  In  addition,  their  slopes  remain  approxi¬ 
mately  constant  over  the  potential  range  from  -0.4  to  -0.7  V  vs. 
SCE,  suggesting  that  the  electron  transfer  number  at  different  po¬ 
tentials  is  similar.  Fig.  5(h)  illustrates  the  electron  transfer  number 
within  the  potential  range  of  -0.4  to  -0.7  V  vs.  SCE  for  diverse 
catalysts.  Based  on  the  slopes  of  the  K-L  plots,  the  electron  transfer 
number  varies  from  3.65  to  3.90  for  FePPc/PSS-Gr,  indicating  that 


the  ORR  catalyzed  on  the  FePPc/PSS-Gr  electrode  is  nearly  a  4e' 
reduction  process  leading  to  OH'  as  the  main  product,  as  is  the  case 
for  Pt/C.  Yet,  the  electron  transfer  number  for  PSS-Gr  is  about  3,  a 
coexisting  pathway  involving  both  two-electron  and  four-electron 
process  with  H02  as  the  intermediate  agent. 

To  further  verify  the  ORR  pathway  on  the  FePPc/PSS-Gr  elec¬ 
trode,  we  performed  on  RRDE  measurements  to  detect  the  for¬ 
mation  of  hydrogen  peroxide  species.  The  produced  hydrogen 
peroxide  species  during  the  ORR  process  at  the  disk  electrode  can 
be  monitored  by  the  ring  electrode.  The  percentage  of  hydrogen 
peroxide  species  and  the  electron  transfer  number  can  be  deter¬ 
mined  by  the  following  equations  [48]: 

n  =  (4iD)/(iD  +  iR/N)  (5) 

H02  %  -  200  x  (iR/N)(iD  +  iR/N)  (6) 

Where  iD  is  the  disk  current,  iR  is  the  ring  current,  and  N  is  the 
current  collection  efficiency  of  the  Pt  ring.  Collection  efficiency 
(N  =  0.37)  of  the  ring  electrode  is  calibrated  by  a  K3Fe(CN)6  redox 
reaction  in  ^-saturated  0.1  M  KOH  solution. 

Fig.  6(a)  presents  the  disk  and  ring  current  density  for  the 
FePPc,  FePPc/PSS-Gr  and  Pt/C  catalysts  in  02-saturated  0.1  M  KOH 
solution.  As  is  calculated  from  Eq.  (5)  and  Eq.  (6),  the  electron 
transfer  number  and  the  percentage  of  H02  generated  at  different 
potentials  on  FePPc,  FePPc/PSS-Gr  and  Pt/C  are  displayed  in 
Fig.  6(b)  and  (c).  As  shown  in  Fig.  6(c),  on  both  FePPc/PSS-Gr  and 
Pt/C  electrodes,  no  significant  H02  is  detected,  and  the  H02  yield 
is  negligible,  which  supports  a  4-electron  pathway  to  produce  OH' 
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Fig.  5.  LSV  curves  of  (a)  FePPc/PSS-Gr  (3:1),  (c)  PSS-Gr  and  (e)  Pt/C  at  different  rotation  speeds  in  02-saturated  0.1  M  KOH  with  the  scan  rate  of  10  mV  s'1;  K-L  plots  of  (b)  FePPc/ 
PSS-Gr  (3:1),  (d)  PSS-Gr  and  (f)  Pt/C  at  fixed  potentials  of  -0.4,  -0.5,  -0.6  and  -0.7  V;  (g)  LSV  curves  of  different  samples  at  1600  rpm  in  02-saturated  0.1  M  KOH  with  the  scan  rate 
of  10  mV  s'1;  (h)  The  number  of  electrons  transferred  at  different  potentials  for  FePPc/PSS-Gr,  PSS-Gr  and  Pt/C. 


Table  1 

Electrochemical  parameters  for  ORR  estimated  from  LSV. 
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Materials 

A( mAcm  2) 

Onset  potential 
(V  vs.  SCE) 

Half  wave  potential 
(V  vs.  SCE) 

FePPc 

2.18 

-0.27 

-0.58 

PSS-Gr 

3.93 

-0.18 

-0.33 

FePPc/PSS-Gr 

5.90 

-0.08 

-0.19 

Pt/C 

5.85 

-0.05 

-0.16 

JL:  limiting  current  density  at  -0.8  V  vs.  SCE. 

(calculated  from  Eq.  (6)).  And  the  electron  transfer  number  of 
FePPc/PSS-Gr  is  found  to  vary  between  3.87  and  3.93  (based  on  Eq. 
(5))  at  the  given  potential  from  -0.3  to  -0.7  V  vs.  SCE.  The  RRDE 
test  is  consistent  with  our  results  calculated  from  the  K-L  equa¬ 
tion  that  the  ORR  electron  transfer  number  for  FePPc/PSS-Gr  is 
close  to  4. 

The  stability  and  methanol-tolerance  have  been  regarded  as 
essential  points  to  evaluate  the  catalytic  performance  of  an  ORR 
catalyst.  To  examine  the  durability  for  both  FePPc/PSS-Gr  and  Pt/C, 
we  conducted  the  long-term  chronoamperometric  measurements 
with  the  rotation  rate  of  1600  rpm  in  0.1  M  KOH  solution  saturated 
with  O2,  respectively.  As  depicted  in  Fig.  7,  the  FePPc/PSS-Gr 
catalyst  exhibits  a  much  slower  attenuation  with  a  higher  cur¬ 
rent  retention  (81.1%)  after  10000  s,  whereas  only  61.0%  of  its 
initial  current  is  retained  for  the  commercial  Pt/C  catalyst, 
demonstrating  the  remarkable  stability  of  our  catalyst.  In  DMFCs, 
crossover  of  methanol  from  anode  to  cathode  can  bring  about  the 
loss  of  equilibrium  electrode  potential  and  poisoning  of  catalyst 
when  the  methanol  is  oxidized.  Thus,  a  good  electrocatalyst  must 
be  inert  to  methanol  oxidation.  On  the  matter,  the  tests  on  FePPc/ 
PSS-Gr  and  Pt/C  were  evaluated  in  an  02-saturated  0.1  M  KOH 
solution  with  3  M  methanol  (Fig.  8),  respectively.  As  pictured  in 
Fig.  8(a),  after  3  M  methanol  was  added,  the  cathodic  peak  for  ORR 
vanishes,  whereas  a  new  peak  of  methanol  oxidation  at  0.06  V  vs. 
SCE  appears,  indicating  a  strong  crossover  effect  on  Pt/C.  In 
contrast,  the  cathodic  peak  current  of  FePPc/PSS-Gr  for  ORR  de¬ 
clines  slightly  and  the  peak  potential  scarcely  changes  in  the  CV 
curve  of  FePPc/PSS-Gr  in  Fig.  8(b).  These  results  certainly  highlight 
that  the  FePPc/PSS-Gr  catalyst  has  excellent  methanol-tolerance 
compared  with  Pt/C.  The  insensitivity  to  methanol  enables 
FePPc/PSS-Gr  to  be  utilized  as  a  substitute  for  Pt/C  towards  ORR  in 
DMFCs. 

4.  Conclusions 

In  summary,  a  novel  iron  (II)  polyphthalocyanine  (FePPc)  was 
synthesized  and  then  an  efficient  ORR  catalyst  was  obtained 
through  anchoring  FePPc  onto  PSS-Gr  via  solvothermally  assis¬ 
ted  assembling  method.  SEM  and  TEM  results  demonstrate 
that  FePPc  have  been  successfully  anchored  on  PSS-Gr.  XPS,  FTIR 
and  UV-vis  spectra  analyzes  confirm  the  charge  transfer  from 
FePPc  to  PSS-Gr  and  the  forceful  tt-tu  interaction  between  FePPc 
and  PSS-Gr.  Electrochemical  measurements  manifest  that  the 
FePPc/PSS-Gr  catalyst  offers  exceptional  catalytic  activity  for 
ORR,  which  should  be  ascribed  to  its  large  electrochemically 
accessible  surface  area  and  the  synergistic  effect  between  FePPc 
and  PSS-Gr.  Compared  with  the  Pt/C  catalyst,  the  FePPc/PSS-Gr 
catalyst  possesses  much  higher  selectivity,  stability  and  a 
considerable  reduced  methanol  crossover  effect.  In  addition,  the 
FePPc/PSS-Gr  hybrid  affords  a  facile  4-electron  pathway  for  ORR 
which  maximizes  energy  efficiency.  In  a  word,  the  FePPc/PSS-Gr 
catalyst  is  a  promising  ORR  candidate  in  alkaline  medium  for 
DMFCs. 


Potential  (V  vs.SCE) 


Potential  (V  vs.  SCE) 


Fig.  6.  (a)  RRDE  tests  of  the  ORR  on  FePPc,  FePPc/PSS-Gr  and  Pt/C  in  02-saturated  0.1  M 
KOH  at  the  rotation  speed  of  1600  rpm  and  at  the  scan  rate  of  10  mV  s^1.  The  ring 
electrode  is  polarized  at  0.65  V  vs.  SCE;  (b)  Electron  transfer  number  and  (c)  peroxide 
percentage  of  FePPc,  FePPc/PSS-Gr  and  Pt/C. 
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Fig.  7.  The  i—t  curves  of  the  FePPc/PSS-Gr  and  commercial  Pt/C  catalysts  at  -0.21  V 
and  -0.20  V  in  02-saturated  0.1  M  KOH  with  the  rotation  speed  of  1600  rpm. 


Potential  (V  vs.  SCE) 


Fig.  8.  CV  curves  of  (a)  Pt/C  and  (b)  FePPc/PSS-Gr  (3:1)  at  the  scan  rate  of  100  mV  s  1  in 
02-saturated  0.1  M  KOH  solution  with  and  without  3  M  CH3OH. 
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